A frailty index (FI) based on the accumulation of deficits typically has a submaximal limit at about 0.70. The objectives of this study were to examine how population characteristics of the FI change in the Honolulu-Asia Aging Study cohort, which has been followed to near-complete mortality. In particular, we were interested to see if the limit was exceeded.
N
EgLIgIBLE senescence occurs in nature only in a select few vertebrates and plants. Usually, physiological systems accumulate health deficits, although, notably not all systems do so to the same extent, even in the same organism (1) . The rate of accumulation and the patterns of deficits differ within and across populations. From mice (2, 3) to humans (4), this age-associated accumulation of deficits has been shown to be related to increased vulnerability to adverse outcomes commonly referred to as frailty. In human samples, frailty as defined by deficit accumulation increases the risk of institutionalization (5, 6) , worsening health (7) , mortality (8) (9) (10) , and common late-onset illnesses, such as dementia (11, 12) , osteoporotic fracture (13) , and heart disease (14) .
The frailty index (FI) was introduced in 2001 (15) and has been independently validated in many population and clinical studies (8, (16) (17) (18) (19) (20) . The FI was designed to be a state variable that integrates multiple sources of health information, and thereby reflects the extent of vulnerability, illness, and the organism's proximity to death (21) . It has reliably predicted adverse outcomes in a variety of large health databases from around the world [eg, Canada (22) , United States (8), China (16, 23) , Sweden (24) , and the European Union (20, 25) ]. An FI can be created in most secondary data sources related to health by utilizing the routinely collected clinical information such as symptoms, signs, disabilities, and diseases.
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For example, an individual who has accumulated 20 out of 40 deficits would have an FI score of 20/40 = 0.5, whereas someone with 10 deficits would have an FI score of 10/40 = 0.25. Using this accumulation of deficits approach to quantify frailty has allowed insights into how frailty operates within aging populations. In addition to being associated with adverse outcomes, the FI is associated with age, increasing with acceleration as individuals age into late life. Of some interest, the FI has consistently shown a skewed distribution with a fixed submaximal limit (26) . Each distribution is characteristic of successive waves from the same samples (23, 26) . This submaximal limit is approximately 0.7. Therefore, if 40 items are examined, the maximum number of deficits that people demonstrate typically is around 28, not 40 as one might expect were there not to be a limit. This quantifiable limit to deficit accumulation has potentially important public health and clinical implications, and therefore merits careful evaluation. An important question is whether the limit is seen with later, as well as earlier deaths, as suggested in a very elderly Chinese sample followed for 12 years (23) .
The Honolulu-Asia Aging Study (HAAS) is a longitudinal epidemiological study focused on cognitive decline and dementia in aged Japanese-American men. Comprehensive clinical assessments at each wave of the project and time of death for the majority of participants (only a few of the men remain living; 9.9% at last data collection in July 2012) provide the opportunity to examine frailty in relation to mortality across six time points over 20 years. The objectives of this study were to examine how population characteristics of the FI change in the HAAS. In particular, we were interested to see if the limit was exceeded.
Methods

Study Population
Data for this project came from the HAAS. Originally members of the Honolulu Heart Program, 3,845 JapaneseAmerican men from the island of Oahu, Hawaii, have been followed since 1965. All participants of Honolulu Heart Program were men of Japanese decent and born between 1900 and 1919 inclusive. Although the original focus of Honolulu Heart Program was on cardiovascular disease in men, HAAS was developed to examine conditions of aging, in particular dementia and age-related neurological disorders. Beginning at the fourth clinical evaluation of the Honolulu Heart Program in 1991, participants were screened for dementia in addition to a standard clinical evaluation. Follow-up evaluations occurred approximately every 2-3 years (1994-1996, 1997-1999, 1999-2000, 2001-2003, 2004-2005, and 2008-2009) . At each evaluation, a wide variety of information was collected including medical history, functional disabilities, diagnoses, and cognitive testing. For the HAAS cohort, date of death has been collected for 90.9% of individuals. A detailed overview of the methods for HAAS and Honolulu Heart Program is provided elsewhere (27) .
Frailty Index
A FI was created in six of the seven waves of data following a standard procedure (28) . Deficits were included in the FI if they could be found across the majority of waves of the HAAS (Table 1) . Each variable was dichotomized as 0 being absent and 1 being present. For each individual at each wave, FI scores were calculated as previously mentioned, by summing the individual's deficits present and dividing that total by the number of deficits considered. Study participants with more than 20% missing deficit data did not have an FI calculated. Compared to those with complete data, those with missing FIs were not significantly dif- 
Statistical Analysis
Standard descriptive statistics were calculated for the FIs at each wave. To examine the relationship between FI and age, the average FI for each year of age was graphed and a line of best fit was generated using robust regression. The distributions of the FI at each wave were graphed and the 99% quantiles were identified. Years to death were examined by calculating the mean and median survival times for the overall population and the frailest individuals. The distributions of years to death by FI groups were graphed using a Kaplan-Meier analysis. To investigate the impact of frailty and age on mortality, Cox proportional hazard regression models were developed. Frailty was entered into the models organized into the six groups and age was measured in years. All analyses were performed using SPSS 18.0 (29) and Matlab R2012b (30) .
Results
Across all the waves, the FI demonstrated a nonlinear relationship with age ( Figure 1A ). The mean slope was 0.037 (95% CI = 0.033-0.041) and the intercept was −4.87 (95% CI = −5.21 to −4.54). The density distribution of the frailty indices was skewed with long right tails at every wave ( Figure 1B ). The mean FI value increased slightly over each wave after baseline, consistent with worsening health with increasing age (Table 2 ). Even after the mean FI increased from 0.14 at baseline to 0.22 at the final wave, the submaximal upper limit to the FI increased from 0.56 at Wave 1, stabilized at 0.59-0.60 from Waves 2 to 6, and increased to 0.65 in Wave 7. This was the case even though the mean age of the sample at Wave 7 was 90.9 years and the cumulative mortality at 90.9% of the sample.
The overall median survival time was 9.1 years at baseline (95% CI = 8.87-9.38), which was 4.75 times as long as the median survival time for the most frail individuals (FI > 0.50; median survival time from baseline = 1.92 years, 95% CI = 1.20-2.63). Kaplan-Meier analyses illustrated the decreasing cumulative survival probabilities with increasing frailty at baseline (Figure 2 ). Examining only frailty at baseline, the risk ratio for 5-year mortality increased substantially from the fittest group to the frailest group (Table 3) . For the frailest individuals, the risk ratio for 5-year mortality was 6.38 (95% CI = 5.29-7.69) compared with the fittest group (FI < 0.05). Multivariate Cox proportional hazard models containing both age and the grouped FI (six groups, entered into the model as a continuous variable) demonstrated that both age and the FI were significant predictors of time to death (HR [age] = 1.11, 95% CI = 1.10-1.12; HR [FI] = 1.44, 95% CI = 1.39-1.49). For example, compared with a 75 year old at baseline, in the lowest FI group, an 80 year old at baseline with FI in the 0.35-0.50 group would have a three times increased risk of death, with 40% of the hazard coming from age and 60% from frailty.
Discussion
In a large sample of older men aged 72-93 years at baseline, we quantified frailty using an accumulation of deficits approach. The distribution of the FI was very similar across waves, consistent with increasing mortality in relation to frailty. Even in a sample followed to almost complete mortality, the limit to deficit accumulation did not exceed 0.65.
Our data must be interpreted with caution. Some items were not collected at each wave. In consequence, Wave 4 of the HAAS did not contain enough similar data items to calculate an FI, leaving a wider gap between measurements in the middle of the study. Additionally, the items that make up the FI are not perfectly consistent across each of the waves. The analyses also focused on frailty in a wave by wave basis, but frailty is dynamic by nature and future analyses will need to closely examine transitions in frailty status, and how changes and rates of change are related to adverse outcomes in the HAAS study population. We note too that the HAAS only consisted of older Japanese-American men on an isolated island in the Pacific Ocean, making generalization of these results uncertain. Although the common characteristics of the FI held true (increase with age, highly associated with mortality, limit <0.7) with an all male sample, we cannot examine sex differences. This is important: recently, our group has reported that, in the Beijing Longitudinal Study of Aging (n = 3,257), women had a higher FI limit (0.69) than did men (0.61) (31) . Even so, in both groups, values near the limit were associated with complete mortality by 5 years. Although the FI largely was distributed as expected, this was not true of the final wave. In that wave (Wave 7), the mean FI increased sharply (to 0.22 [±0.17] from 0.16 ± 0.12 in Waves 3 and 5). By examining the deficits measured (Table 1) , it is clear that this increase was chiefly due to increases in the proportion of Wave 7 survivors with disabilities. This may be due to the advancing age of the cohort (age range at Wave 7 was 87-106 years). Contrastingly, we also found in Wave 7 that a number of individuals had excellent health with FI scores of 0 (n = 29). How these individuals reached their late eighties and early nineties without developing chronic or acute health issues is remarkable and of interest. Likewise, in contrast to other reports with near-complete mortality at FI > 0.5 (23, 32) , a small number of men (n = 15) survived extended periods despite a high baseline frailty state (FI > 0.50). Of these unexpectedly long-lived very frail individuals, almost half did not have any further assessments in the HAAS, so that misclassification at the initial evaluation cannot be ruled out. Of the remaining eight, four remained frail (FI > 0.50) and four had improved (to FI ≤ 0.50) by Wave 2. Survival in a high frailty state represents either a favorable environment (with lower ambient deficit accumulation) or greater opportunity for repair. The small numbers involved does not allow firm conclusions to be drawn. Interestingly, a recent report on exceptional longevity in Okinawa noted a high level of poor health amongst the longest lived (33).
Even with long-surviving very frail individuals, a limit to the FI was demonstrated across each wave of the HAAS. The value of the 99% maximal limit never exceeded 0.65. This is consistent with earlier analyses within Chinese (23), Australian/Canadian/United States (26), and Canadian (5,32) populations, but here we saw no changes over the survival period of most of the cohort. Together with clinical cohorts having shown a similar limit (34, 35) , this reinforces the notion that the limit to deficit accumulation suggests that once individuals reach a highly frail state, they are unable to handle any additional stressors and additional deficits result in death. Although the mortality risk greatly increases with higher levels of frailty (eg, >0.35), it seems that survival remains possible up until the maximal limit is reached. Viewed in this way, the limit of 0.65 for the FI can be roughly considered as a critical threshold at which any additional deficits can cause the system to transition from a state of living to a state where the system collapses. This has important implications for understanding the health and health care of older adults and potentially for younger ones. Although in a large population sample (Canadian National Population Health Survey), we did not observe FI values more than 0.5 in younger people (unpublished), values more than 0.6 have been observed in two disease cohorts in patients in their fifties (36, 37) . Further study is needed on whether and how the limit varies with age. Clinical interpretation of how the limit might impact decisions about intensive or toxic interventions, which might be expected, at least transiently, to add deficits and thereby increase the value of the FI also requires additional study. Related to the limit, the FI in the HAAS data illustrated the characteristic skewed distribution that is often present in community-dwelling samples. With the exception of the final wave, the distributions of the FIs over the longitudinal study remained remarkably constant despite significant decreases in the number of people at each wave. This too supports the notion of a limit, without which, the distribution of the FI would shift drastically to the right, significantly modifying the shape of the distribution across each of the waves of a longitudinal study. Instead, as people approach the limit, the probability of their survival until the next wave decreases, keeping the shape of the distribution relatively stable with most individuals remaining in a low state of frailty. Although some work has been done on transitions and trajectories of the FI (7, 38, 39) , more work is needed to develop understanding of how the dynamics of frailty relate to health outcomes in aging populations. Recent epidemiological research has indicated that an individual's level of frailty can significantly impact cognition and brain health in late life (40) . Therefore, it will be important to study the interplay of the dynamics of frailty in relation to cognitive decline associated with aging.
That the maximal limit of the FI remained relatively constant across the six waves after an initial increase, even though the mean value of the FI increased for the sample, contrasts with the experience of a recent large Chinese cohort (n = 6,668; 80 years and older at baseline) (23) . There the median remained constant over 12 years of follow-up, by which time only about 15% of subjects remained alive. As much of the increase in the mean value of the FI came only in Wave 7, driven by the surviving 15%, this may reflect period or cohort effects. The observation is motivating further inquiries by our group. As most health care systems typically focus on single illnesses, the FI allows for the development of understanding that fits with a systems perspective, in which the complexity of health and aging can be more fully appreciated. Many of the items utilized to create an FI can be extracted in electronic medical records and can potentially be applied to improve health care for older complex patients (41) . The possibility to extend the FI approach to routinely collected clinical data is motivating further inquiry by our group.
In conclusion, frailty, as measured by an accumulation of deficits approach, is closely associated with mortality. In the HAAS cohort of older men, we confirm a quantifiable maximum limit to the number of health deficits that individuals can tolerate. 
